DMD #10991

Introduction
The multidrug resistance-associated protein 2 / ATP-binding cassette transporter family C2 (MRP2 /ABCC2) is the second of nine members of the MRP family. It is localized at the apical (canalicular) membrane of hepatocytes and involved in the phase III biliary excretion of a wide range of organic anions, including glutathione conjugates, glucuronide conjugates, sulfated conjugates of bile salt, as well as nonconjugated compounds ((Keppler and Konig, 2000; Suzuki and Sugiyama, 2002; Hoffmann and Kroemer, 2004; Fardel et al., 2005) , see also the TP-search (http://133.9.194.61/tp-search/)).
Extrahepatic expression was also found on the brush border membrane of the small intestine (Mottino et al., 2000; Van Aubel et al., 2000) , renal epithelia of the proximal tubules (Schaub et al., 1997; Schaub et al., 1999) , the luminal membrane of endothelial cells of the small blood capillaries in rat brain (Miller et al., 2000) , and in the apical syncytiotrophoblast membrane of the term placenta (St-Pierre et al., 2000) . The in vivo function and transport properties of Mrp2 have been well characterized in rats because mutant strains lacking Mrp2, Eisai-hyperbilirubinemic rats (EHBR) (Mikami et al., 1986) and GY/TR -rats (Jansen et al., 1985; Kuipers et al., 1989) have been available for a long time. These mutant rats are also a good animal model of Dubin-Johnson syndrome. After cloning rat Mrp2 (Buchler et al., 1996; Paulusma et al., 1996; Ito et al., 1997) and human (Taniguchi et al., 1996; Paulusma et al., 1997) MRP2 cDNA, characterization of Mrp2/MRP2 transport properties has also DMD #10991 been carried out (Madon et al., 1997; Evers et al., 1998; Ito et al., 1998; Cui et al., 1999; Kawabe et al., 1999) . Cui et al. were the first to compare the transport characteristics of human MRP2 and rat Mrp2 in a homogenous expression system in human embryonic kidney (HEK) 293 cells or Mardin Darby Canine Kidney (MDCK) cells (Cui et al., 1999) . They confirmed that the transport kinetics of LTC 4 and E 2 17ßG transport as well as acquired drug resistance profiles were similar in humans and rats. Recently, Mrp2 knockout mice have been established and a phenotype similar to EHBR or TR -was observed (Chu et al., 2006) ; i.e. exhibiting elevated serum total bilirubin and urine bilirubin glucuronide, with a reduced biliary excretion rate of GSH and bilirubin glucuronide. Moreover, the biliary excretion rate of intravenously administered dibromosulfophthalein, a typical Mrp2 substrate, was also impaired as seen in Mrp2-deficient rats and patients with Dubin-Johnson syndrome (Chu et al., 2006) . This accumulated evidence has confirmed the common physiological function of MRP2/Mrp2 in the liver of various species as a major efflux transporter of organic anions. Strictly speaking, however, the species differences in the substrate specificity and transport activity of Mrp2 protein are not yet fully understood. It has been proposed that the in vivo biliary excretion clearance of potential Mrp2 substrates differs considerably among species (Ishizuka et al., 1999) . Moreover, in vitro canalicular membrane vesicle (CMV) experiments also confirmed that there was a large species difference in the ATP-dependent transport activity of DMD #10991 7 organic anions (Ishizuka et al., 1999; Niinuma et al., 1999) . Moreover, it is now widely accepted that MRP2/Mrp2 has complex substrate recognition sites as demonstrated by in vitro vesicle transport as well as cellular transport experiments (Van Aubel et al., 1999; Bakos et al., 2000; Evers et al., 2000; Bodo et al., 2003; Lou et al., 2003; Zelcer et al., 2003; Gerk et al., 2004; Ito et al., 2004; Borst et al., 2006 (Ninomiya et al., 2005) . Preparation of membrane vesicles from Sf9 cells infected with recombinant Mrp2 baculoviruses was carried out as reported previously (Ninomiya et al., 2005 (TTBS) containing 3 % BSA and probed at room temperature for 1 h with primary antisera diluted with TTBS containing 0.1 % BSA. The antisera used were rabbit anti-rat Mrp2 antiserum and anti-human MRP2 antiserum raised against the carboxy terminal amino acid residues of 1530-1541 for rats (Buchler et al., 1996) and 1534-1545 for humans (Schaub et al., 1999) , (1:3000) and examined using the enhanced chemiluminescence detection kit (Amersham Biosciences, Piscataway, NJ). Images were analyzed using an LAS1000 chemiluminescence detector (Fuji photo film Co. Ltd., Tokyo, Japan).
The Mrp2 expression level was calculated from the band density using mouse and monkey Mrp2 carboxy terminal antigens fused with MBP as standards.
The serial dilution and the exposure time were chosen so that the densities were in the linear range.
Transport study. The vesicle transport study was performed using the rapid filtration technique described previously (Ninomiya et al., 2005) .
Briefly, 16 µl transport medium (10 mM Tris, 250 mM sucrose, 10 mM MgCl 2 , 5 mM ATP or AMP, pH 7.4) containing radiolabeled compounds (5 nM The transport reaction was stopped by the addition of 1 ml ice-cold buffer (250 mM sucrose, 100 mM NaCl, 10 mM Tris-HCl, pH 7.4). The stopped reaction mixture was passed through a 0.45-µm HAWP filter (Millipore Corp.) and then washed twice with 5 ml stop buffer. The radioactivity retained on the filter was determined using a liquid scintillation counter (LSC5000, Aloka Co., (rat, dog) and CCK-8 (mouse and monkey) were estimated from the following equation (Ninomiya et al., 2005) :
where v is the transport rate, V max is the maximum transport rate, S is the ligand concentration, n is the Hill coefficient, and K m is the Michaelis constant.
Kinetic parameters for the transport of non-saturable component) was used for the other cases. The kinetic data were fitted to the above equations by an iterative nonlinear least-squares method using the MULTI program to obtain kinetic parameters (Yamaoka et al., 1981) .
The input data were weighted as the reciprocal of the square of the observed values, and the Damping Gauss-Newton algorithm was used for fitting.
This article has not been copyedited and formatted. The final version may differ from this version. These nucleotide substitutions were also identified by direct sequencing analysis of the PCR product amplified from the livers (data not shown). We therefore considered substitutions as genetic polymorphisms and the cDNA products were further processed for recombinant protein expression in insect Sf9 cells.
Quantification of mouse and monkey Mrp2 protein expression in
the membrane vesicles. We tried to detect mouse and monkey Mrp2 protein in a quantitative manner using two kinds of antisera produced originally following immunization against rat and human c-terminal-directed Mrp2/MRP2 as described previously (Ninomiya et al., 2005 pmol/min/pmol Mrp2). The concentration-dependence of CCK-8 transport was qualitatively different among the species (Fig. 4 and supplement 1 ). Rat and dog Mrp2 followed a simple Michaelis-Menten equation, while mouse and monkey Mrp2 exhibited typical allosteric behavior with a Hill coefficient of 1.86 ± 0.17 and 1.18 ± 0.14, respectively (Fig. 4 , Table 1 and supplement 1). This article has not been copyedited and formatted. The final version may differ from this version. 
Effect of transport modulators on the transport of [
Discussion
All Mrp2s accepted typical Mrp2 substrates, indicating similar substrate specificity (Fig. 3) . Except for E 2 17ßG, the overall transport affinities (K m )
were comparable among these species (LTC 4 ; 0.53~2.05 µM, BSP; 2.96~5.35
µM, CCK-8; 2.37~9.79 µM). These were also similar to human MRP2 determined in a recombinant vesicle study (1.0 µM for LTC 4 , 8,1 µM for CCK-8 (Letschert et al., 2005) ). Strictly speaking, however, a marked difference in the intrinsic transport activity (normalized by the protein expression in the vesicles) was observed among the species (Table 1 ). This is due not only to the differences in K m and V max values, but also to the presence of a cooperative transport site for some compounds (Table 1) . The most striking difference in the transport kinetics involves E 2 17ßG. Homotropic cooperativity of E 2 17βG transport by MRP2/Mrp2 has been reported independently by several groups (Bodo et al., 2003; Zelcer et al., 2003; Gerk et al., 2004) . These authors found that a plot of initial transport rate versus concentration shows an S-curve, rather than the standard hyperbolic substrate saturation curve. However, we did not see any cooperative effect for E 2 17ßG
transport in all animal Mrp2s tested. Alternatively, an additional multiple, but independent, low affinity transport site was observed in rat and dog Mrp2, which was not saturated up to 600 µM ( related to the E 2 17ßG transport, the former Mrp2s were inhibited while the latter Mrp2s were stimulated by 4-MUG (present study and (Ninomiya et al., 2005) ). Mrp2 seems to have multiple recognition sites for glucuronide conjugates, although it depends on the Mrp2 species whether they have an inhibitory (rat and dog) or stimulatory (mouse and monkey) effect. It is presently unknown why such a discrepancy exists between the reported homotropic cooperativity of E 2 17ßG transport by rat Mrp2 (Gerk et al., 2004) and our data showing no cooperativity. One possible reason is the difference in the Mrp2 expression level between different laboratories. In our case, ATP-dependent transport of E 2 17ßG was as high as 5.5 pmol/mg protein at 1 min (50 nM), while other authors obtained a value of 1.5 pmol/mg protein at 1 min (77 nM) (Gerk et al., 2004) . The calculated uptake clearance (uptake velocity divided by substrate concentration) was 5.6-fold higher in our rat Mrp2 expression system. Moreover, the initial uptake velocity was determined at different time points : 0-30 second uptake in our system but 2-5 minute uptake in another study (Gerk et al., 2004) . The effect of these different experimental conditions on the transport kinetics remains to be determined.
Heterotropic cooperative transport sites have been widely known for MRP2 as well as other MRP family members. Loe et al initially found that vincristine (VCR) transport by MRP1 is stimulated by GSH. Reciprocally, VCR stimulates GSH transport and reduces the Km for GSH from >1mM to 100 µ M (Loe et al., 1998) . Since then, such stimulated transport has been DMD #10991 further demonstrated in other MRP family members using a vesicular transport system as well as in intact cells (Van Aubel et al., 1999; Bakos et al., 2000; Evers et al., 2000; Huisman et al., 2002; Bodo et al., 2003; Lou et al., 2003; Zelcer et al., 2003; Gerk et al., 2004; Ito et al., 2004; Huisman et al., 2005 (Bakos et al., 2000) . E 2 17ßG transport by MRP2 was stimulated by IM (600-1200 % in the presence of 100µM IM), while MRP3 was slightly stimulated only at a low concentration and inhibited at a higher concentration (>50 µ M) (Bodo et al., 2003) . This accumulating evidence indicates that the MRP family has similar but distinct modulator sensitivities. As for animal Mrp2s, IM similarly stimulated the transport of E 2 17ßG but this stimulatory effect was saturated or even reduced at concentrations higher than 100 µ M (Fig. 6 ). The inhibitory effect at higher concentrations is explained by the model proposed by Borst et al. (Borst et al., 2006) . In this model, the modulator (M) binds to an allosteric site (M site) and this binding increases the affinity of the transport site (S site) for the substrate (S) (heterotropic cooperativity or stimulated transport). M may not be transported at all, but if S can also bind to the M-site, it may stimulate its own transport (homotropic cooperativity). Applying our results to this model, LTC 4 can not only bind to the S site but also to the M site of rat and dog Mrp2.
The same is true for CCK-8, where it binds not only to the S site but also to the M site of mouse and monkey Mrp2. Alternatively, the affinity of LTC 4 and CCK-8 for the M site is too high to be detected (almost saturated at a tracer concentration) in Mrp2 species lacking homotropic cooperativity.
Interestingly, the absolute transport activities (normalized by Mrp2 protein expression) approached each other in the presence of these modulators (Fig. 6 ).
This implies that the transport potential (V' max normalized by Mrp2 expression)
is similar among these Mrp2 species and can be fully activated by the modulators. Supporting this consideration, Zelcer et al. reported that the maximum rate (V max ) of E 2 17ßG transport by human MRP2 remained relatively unchanged while the affinity was increased in the presence of 100 µ M IM (Zelcer et al., 2003) .
Physiological significance of the heterotropic effects has not been Recently, Shilling et al. compared the transport properties of LTC 4 and E 2 17ßG in CMVs from rat, dog, monkey and human liver (Shilling et al., 2005 ).
The transport characteristics were different from our present observations in that, 1) the K m values for E 2 17ßG were higher (465 µM and 382 µM for rat and dog, respectively) compared with our results (1.39 µM and 2.13 µM for rat and dog Mrp2, respectively (Table 1) and 2) transport was saturable with a K m of 81.3 µM for the transport of E 2 17ßG into CMV from dog, while there was no saturation in the presence of up to 600 µM E 2 17ßG in our case. One possible reason for this discrepancy is the different concentration range of unlabeled E 2 17ßG used in those studies (Shilling et al., 2005) . We used 0.1 µ M E 2 17ßG
as the lowest concentration, while they used 25 µM. Using such a high concentration range, the high affinity site might be already saturated or masked.
The K m values for E 2 17ßG reported by Shilling et al. possibly correspond to the low affinity transport sites which we were unable to cover in the present study.
Another possibility is the contribution of other ABC transporters such as breast cancer resistance protein (Bcrp/Abcg2) and P-glycoprotein (Pgp/Mdr1/Abcb1) possibly expressed in dog CMV and can transport E 2 17ßG (Huang et al., 1998; Suzuki et al., 2003) .
This article has not been copyedited and formatted. The final version may differ from this version. In conclusion, although the substrate specificity is similar among Mrp2s from rat, mouse, dog and monkey, the intrinsic transport activity for respective compounds differs from one species to another even when compared in a homogenous in vitro expression system. This is due not only to the difference in the K m and V max values, but also to the qualitatively different substrate and modulator recognition sites found in the different species.
This article has not been copyedited and formatted. The final version may differ from this version. (Ninomiya et al., 2005) . dog Mrp2 transport experiments for LTC 4 and E 2 17ßG were taken from our previous report (Ninomiya et al., 2005) . 
